Frontostriatal circuits involving the caudate nucleus have been implicated in frontotemporal lobar degeneration (FTLD). We assessed caudate nucleus volumetrics in FTLD and subtypes: frontotemporal dementia (FTD, n ϭ 12), semantic dementia (SD, n ϭ 13), and progressive nonfluent aphasia (PNFA, n ϭ 9) in comparison with healthy controls (n ϭ 27) and subjects with Alzheimer disease (AD, n ϭ 19).
F
rontotemporal lobar degeneration (FTLD), as currently conceptualized, is considered to comprise 3 main subtypes on the basis of clinical features: frontotemporal dementia (FTD), semantic dementia (SD), and progressive nonfluent aphasia (PNFA). FTLD is considered to comprise specific lesions of frontal, temporal, and associative neural pathways, with relative differences determining the clinical manifestations. Putatively, these subtypes should represent different neuropathologic processes. As in other neurodegenerative dementia processes, the neuropathology is progressive neuronal loss, manifesting as brain atrophy. Therefore, there has been recent interest in the pattern of brain atrophy as a method for aiding in the subtyping of FTLD. MR imaging has been used to examine the neuropathologic basis of FTLD in vivo.
Schroeter et al 1 recently performed a quantitative metaanalysis of both structural and functional imaging of 267 subjects with FTLD and 351 controls. They demonstrated the existence of characteristic patterns of activation and atrophy for each of the subtypes of FTLD. Most structural imaging studies in the meta-analysis comprised relatively small numbers of each of the subtypes of FTLD, ranging from 6 to 18 subjects, whereas controls or comparators with Alzheimer disease (AD) were more numerous (20 -64) . The small groups raise issues about the robustness of the findings, which, of course, are pooled to assess significance in a meta-analysis. Nonetheless, some characteristic patterns of largely cortical activity and atrophy have been found. The regions implicated include the following: the prefrontal cortex, temporal lobe, amygdala, and caudate or lentiform nucleus. 1 Thus, the proposed neuropathophysiology of FTLD may involve frontostriatal connections.
The striatum (caudate nucleus and putamen) serves as an entry point for afferent information from the periphery, as well as for afferents and efferents for functionally segregated regions of the cortex. 2 Meta-analysis of functional magnetic imaging studies demonstrated connectivity implied by coactivation in the dorsolateral prefrontal cortex, anterior cingulate cortex, insula, and inferior frontal gyrus, all key cortical regions potentially implicated in FTLD. 1, 3 Using diffusion ten-sor tractography, Leh et al 2 demonstrated the extensive nature of caudate nucleus connections with the prefrontal cortex, inferior and middle temporal gyrus, frontal eye fields, cerebellum, and thalamus.
Due to loss of afferent or efferent inputs from cortical atrophy, there may be resultant reduction in the volume of the striatum and, in particular, the caudate nucleus. Frequent and sometimes severe atrophy of the caudate was indeed noted long ago in FTLD. [4] [5] [6] However, the observations were made on postmortem specimens from cases with, mostly, a long duration of illness. Measurements, when taken, were made on unrefined ordinal scales. Moreover, no attempt was made to correlate caudate atrophy with patterns of cortical atrophy. Given that subtypes of FTLD have different patterns of cortical atrophy, we hypothesized that there may be differential reduction in the volume of the caudate nucleus across the different subtypes of FTLD.
We aimed to use manual tracing of the caudate nucleus, the gold standard for volumetric measurement, by using a published reliable and valid protocol, to conduct robust betweengroup comparisons of caudate nucleus volume with reference to intracranial volume. 7, 8 
Materials and Methods

Participants
Participants were recruited retrospectively from the Memory Clinic at the Karolinska University Hospital, Huddinge, Stockholm, Sweden. Routine dementia assessment was conducted in all participants. The study was approved by the local ethics committee.
The 80 subjects who participated were the following: 34 patients with FTLD (12 with FTD, 13 with SD, 9 with PNFA), 19 with AD, and 27 in a control group (Table 1) 11 Medical notes on all subjects included in this study were reviewed by an experienced neurologist (C.A.) to prevent inclusion of any wrongly diagnosed patient. All subjects included in the studies went through the standard investigation procedure for patients referred to the memory clinic. The clinical diagnosis was determined at a multidisciplinary consensus conference with physicians, neuropsychologists, speech-language pathologists, and nurses.
The medical examination included information about history from a close informant, as well as assessment of somatic, neurologic, and psychiatric status. Laboratory investigation of blood, CSF, and urine (including vitamin B 12 and folic acid levels and thyroid gland function) was performed. Neuroradiologic examination consisted of MR imaging of the brain and single-photon emission CT imaging of cerebral blood flow. Routine electroencephalography registration and neuropsychologic and speech-language examinations were performed.
The 24 and automatic-versus-controlled word sequence production (months forward and backward). Single-word reading was assessed to target alexia, whereas spelling to dictation and 2 cross-case transcription tasks were performed to assess agraphia. 25 The Pyramid and Palm Trees Test was administered to check for associative agnosia. 26 Spontaneous speech fluency was rated on the ordinal scale of the Western Aphasia Battery.
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FTLD
Clinical criteria for the subtypes of FTLD were based on international consensus criteria. 11 The subtypes included the following: FTD, SD, and PNFA. Only patients with a primary degenerative cerebral process were selected, excluding patients with signs of cerebrovascular or systemic disorders. Patients with FTLD at different stages of the disease were included.
AD
Participants with AD displayed the development of multiple cognitive deficits, including memory impairment and 1 or more of aphasia, apraxia, or agnosia, plus disturbance in executive functioning. This presented as an illness of gradual onset, with continuing decline from previous levels of functioning. These symptoms were not due to another dementing process or psychiatric disorder.
Controls
The control group comprised individuals who were found, after careful assessment, not to fulfill criteria for FTLD, AD, or any other cognitive disorder but were sometimes forgetful in everyday life. Objective impairment was ruled out through comprehensive neuropsychologic assessment; impairment was defined as performance Ն1.5 SD units below the mean on any cognitive test. Accordingly, controls had no objective cognitive impairment by definition. To further minimize the risk of including participants with neurodegenerative disease in very early stages, we included only those participants who did not deteriorate over a minimum of 2 years of follow-up.
Imaging
Image Acquisition. T1-weighted MR imaging scans were acquired on a 1.5T Magnetom Vision Plus scanner (Siemens Medical Systems, Erlangen, Germany). A 3D magnetization-prepared rapid acquisition of gradient echo pulse sequence (TR, 11.4 ms; TE, 4.4 ms; TI, 300 ms; flip angle, 10°; NEX, 1) was used to obtain 72 contiguous coronal 2.5-mm sections with a 512 ϫ 144 matrix and 230-mm FOV.
Image Analysis. Volumetric analysis was performed by using HERMES (Nuclear Diagnostics, Stockholm, Sweden). Preprocessing of imaging data was performed by interpolation of the images to render them orthogonal in orientation (cubic voxels), followed by alignment via automated rigid-body registration 28 to a customized local reference brain (in anterior/posterior commissure orientation), for ease of tracing in the same orientation and format. Using custom-designed software, Morphy-Display Scaled (designed by LS), 1 experienced tracer (J.C.L.L.) analyzed all brain MR imaging scans blinded to all clinical information (including diagnosis) as follows: On the basis of reference images, a standardized manual tracing protocol was used to trace and quantify the volume of the caudate via tracing its axial outline serially through successive images. All portions of the caudate nucleus were included until the tail curved ventrally to border the lateral atrium of the lateral ventricles; here it was excluded from measurements (Fig 1) . 7 Volumes obtained were assessed for covariance or normalized in reference to total intracranial volume (see below). Total intracranial volume (ICV) was measured as follows: ICV was traced on coronal sections by a stereologic point-counting technique manually tracing the intracranial volume. Every fourth section was traced. The starting point was randomly chosen between 1 and 4, the first sections at the most anterior end of the brain. The landmarks for delineation and protocol were based on those used by Eritaia et al. 8 Reliability of image analysis was assessed by using intraclass correlations performed via Statistica (Statsoft Scandinavia, Uppsala, Sweden). The intrarater class correlation (ICC) 1-way single-measure reliability, was evaluated by repeating right and left caudate measurements on 10 scans (20 comparisons) and was 0.98. 29 Inter-rater mean class correlation on 10 scans (20 comparisons) with another experienced tracer ICC (1,k) 1-way single-measure reliability, was 0.95.
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Statistical Analysis
Statistical analysis was performed by using the Statistical Package for the Social Sciences 15.0 (SPSS, Chicago, Ill). Paired t tests were used to assess hemispheric differences in caudate volume within subject groups with the significance level set at Ͻ.05. Partial correlation was used to explore the relationship between caudate nucleus volume and MMSE scores across all groups, while controlling for age and ICV. Four subjects had missing MMSE values and were excluded from analysis. Preliminary analyses were performed to ensure no violation of the assumptions of normality, linearity, and homoscedasticity. Multivariate analysis of covariance (MANCOVA) was used to test statistical significance between the subject groups (AD, FTD, SD, PNFA, and controls) as independent variables and raw right and left caudate volumes at the within-subject level. Using SPSS, we satisfied checks of assumption of normality, linearity, homogeneity of variances and regression slopes, and reliable measurements of covariates for the data, as a prerequisite for MANCOVA. Covariates used in the MANCOVA were age and intracranial volume. However, MMSE score was not included as a covariate in the MANCOVA because the number of missing values significantly reduced the sample of the PNFA (from 9 to 6) and SD (from 13 to 12) groups for the MAN-COVA. The significance level was set at Ͻ.05.
Results
Demographic Data
Although not specifically age-matched, the groups did not differ significantly in mean age (Table 1) . Similarly, MMSE scores were significantly different from those of controls, but not across the dementia diagnoses. Illness duration was significantly different for the SD group versus the FTD group.
Within-Group Comparisons of Hemispheric Caudate Volume
The results of the paired t tests within group comparisons, with strength of the significance measured as P and power measured as eta-squared, are summarized in Table 2 . Within controls, there was hemispheric asymmetry of caudate nucleus volume with the right caudate nucleus volume significantly larger than the left at P ϭ .000, eta-squared (the sum of squares between groups divided by total sum of squares) 0.441. Within the PNFA group, there was hemispheric asymmetry of caudate nucleus volume, with the right caudate nucleus volume significantly larger than the left at P ϭ .003, eta-squared 0.668. Within the other groups of AD, FTD, and SD, no hemispheric asymmetry was found.
Partial Correlations of MMSE Scores with Caudate Nucleus Volume across Groups
Across all diagnostic groups and controls combined, there was a medium positive partial correlation between left caudate nucleus volume and MMSE scores (r ϭ 0.393, n ϭ 76, P ϭ .001), with higher left caudate volumes associated with higher MMSE scores. Inspection of the zero-order correlation (r ϭ 0.395) showed that controlling for age and ICV had little effect on the strength of the relationship between the variables. The coefficient of determination was 0.154, with MMSE scores explaining 15% of the variance of left caudate volume. Across all diagnostic groups and controls combined, there was a nonsignificant small positive partial correlation between right caudate nucleus volume and MMSE scores (r ϭ 0.163, n ϭ 76, P ϭ .165). The partial correlations by groups are summarized in Table 3 .
Between-Group Comparisons of Caudate Nucleus Volume
MANCOVA was conducted to assess the volume of the caudate nucleus (right and left) in relation to the diagnostic subject groups (n ϭ 80) ( Table 1 ). The results of the repeatedmeasures MANCOVA comparisons are summarized in Table 4 .
AD Comparisons with FTLD Subgroups
There was a significant difference in raw left caudate nucleus volume between subjects with AD compared with controls: F(3,45) ϭ 3.893, P ϭ .015 (P Ͻ .05), partial eta-squared ϭ 0.218. Right caudate nucleus volume approached a significant difference between AD and controls: F(3,45) ϭ 2.824, P ϭ .050, eta-squared ϭ 0.168. There was a significant difference in raw left caudate nucleus volume between subjects with AD compared with FTD: F(3,30) ϭ 5.516, P ϭ .004 (P Ͻ .05), eta-squared ϭ 0.380. There was a significant difference in raw left caudate nucleus volume between subjects with AD compared with PNFA: F(3,27) ϭ 7.246, P ϭ .001 (P Ͻ .05), etasquared ϭ 0.475.
FTLD Comparisons between Subgroups and with Controls
There was a significant difference in raw right caudate nucleus volume between subjects with FTD compared with controls: F(3,38) ϭ 9.787, P ϭ .000 (P Ͻ .05), eta-squared ϭ 0.455. Left caudate nucleus volume was significantly different between FTD and controls F(3,38) ϭ 14.492, P ϭ .000, eta-squared ϭ 0.554. Right caudate nucleus volume was significantly differ- Note:-C indicates control; R, right; L, left; SD (header), standard deviation; df, degrees of freedom; Sig, significance (2-tailed); SD (column 1), semantic dementia; SEM, standard error of the mean; AD, Alzheimer disease; FTD, frontotemporal dementia; PNFA, progressive nonfluent aphasia; Eta-Squared, the sum of squares between groups divided by total sum of squares. * All volumes are in cubic centimeters. † Significant at P Ͻ .05. 
Comparison of Corrected Mean Caudate Volumes
The results of the group MANCOVA and mean caudate volumes for each group are displayed in Tables 5 and 6 . Across the 5 diagnostic groups, both right and left caudate volumes were significantly different. There was a significant difference in raw right caudate nucleus volume between subjects by diagnosis (AD, control, FTD, PNFA, and SD): F(6,79) ϭ 5.229, P ϭ .000 (P Ͻ .05), eta-squared ϭ 0.301. Left caudate nucleus volume was also significantly different between diagnostic groups: F(6,79) ϭ 10.159, P ϭ .000, eta-squared ϭ 0.464. MANCOVA corrected mean raw caudate volumes in the various clinical groups are displayed as a percentage of control caudate volumes in Table 6 . The AD group was largest in mean volume of the diagnostic groups (93% of control volume), followed by the SD group (92%), the PNFA group (79%), and finally, the FTD group (75%).
Discussion
We have demonstrated that volume of the head and body of the caudate nucleus differs significantly and substantially (ranging from 93% to 75% of control caudate volumes) in subtypes of FTLD. We also found that caudate nucleus volume was correlated with cognition measured via MMSE score, with lower volume correlating with poorer cognition. This finding complements previous meta-analyses showing functional and structural change in the caudate within subtypes of FTLD as well as in cortical regions.
1 Krishnamoorthy 30 has postulated that increase in volume of brain structures associated with emotion, such as the amygdala, may reflect either a predilection for emotional reactivity or plasticity and growth of the structure due to hyperactivity. The corollary is that neurodegenerative processes may result in atrophy and underactivity of the structure. Therefore, the caudate may be reduced in volume due to underactivity and/or degeneration as part of the FTLD process. That smaller caudate nucleus volume was correlated with lower cognitive Note:-Corr. Model indicates corrected model; Depend, dependent variable; df, degrees of freedom; F, F-statistic; Sig, significance; C, controls; R, right; L, left; FTD, frontotemporal dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia; ICV, total intracranial volume; Eta-Squared, the sum of squares between groups divided by total sum of squares. Note:-Corr. Model indicates corrected model; Depend, dependent variable; R, right; L, left; C, control; df, degrees of freedom; F, F-statistic; Sig, significance; AD, Alzheimer disease; FTD, frontotemporal dementia; PNFA, progressive nonfluent aphasia; SD, semantic dementia; ICV, total intracranial volume; Eta-Squared, the sum of squares between groups divided by total sum of squares. * Dependent factors: R and L caudate volume; independent factors: group: AD, control, FTD, PNFA, SD.
scores across the entire sample supports the possibility that cognitive dysfunction in FTLD may be based on such structural change. Frontotemporal dementia is characterized by emotional and behavioral disturbances considered to arise from neuropathology involving frontal cognitive dysfunction, which may involve frontostriatal circuits. [31] [32] [33] Frontostriatal circuits are crucial in human behavior and cognition, constituting significant neurodevelopmentally distinct pathways. [34] [35] [36] These 5 circuits share commonalities in cytoarchitecture, with 3 circuits primarily arising from the prefrontal cortex serving roles in executive cognitive function and emotional and behavior regulation. 35 The architecture of the 3 prefrontal circuits comprises the following: origin from the relevant prefrontal region, via the caudate or nucleus accumbens, via the globus pallidus, via the thalamus, and, thence, feedback to the prefrontal cortex. In summary, these are fronto-striato-pallidothalamo-cortical circuits.
The dorsolateral prefrontal circuit (DLPFC) mediates problem solving, verbal/nonverbal fluency, and retrieval from memory and is linked to the limbic memory system. Clinical syndromes associated with DLPFC dysfunction are described as executive dysfunction and involve such higher order cognition. The orbitofrontal circuit (OFC) mediates inhibition and impulse control. Clinical syndromes associated with OFC dysfunction are described as emotional and social dysfunction and are characterized by deficits in social judgment and impulse control. The anterior cingulate (or ventromedial prefrontal) circuit (ACC) mediates motivation and initiation of behavior. Clinical syndromes associated with ACC dysfunction are described as apathy and loss of motivation, including akinetic mutism, and are characterized by a lack of motivation. [35] [36] [37] Such clinical syndromes are seen in FTLD and may be due to atrophy in the relevant cortical regions as well as circuit dysfunction. [31] [32] [33] Differential volumetrics of the caudate in subtypes of FTLD may be based on the degree of involvement of the caudate in the neuropathophysiology of the subtype. The key is the crucial role played by the caudate as a relay in all frontostriatal circuits associated with human behavior. [34] [35] [36] Dysfunction in such circuits may be due to, or the result of, disruptions of connections or structures, including atrophy of afferents or efferents. 35, 38 Thus dysfunction can be reflected in, or due to, structural change in the circuit. Volumetric loss or atrophy in the caudate may result in, or be due to, emotional or cognitive dysfunction based on cortical inputs found in FTLD and its subtypes. As the degree of emotional or cognitive dysfunction due to frontostriatal pathology differs in subtypes, so may the volume of structures involved in the circuits vary, especially the caudate.
Frontostriatal dysfunction was not prominent in AD and was not present in controls. Accordingly, there was no significant difference in the volume of the caudate between these groups; and overall, these volumes should be the largest due to lack of involvement of the caudate in putative neuropathophysiology. The distinction between the FTLD subgroups is based on the relative degree of frontostriatal dysfunction, hence involvement of the caudate as a relay within frontostriatal circuits. The FTD group should have the greatest dysfunction due to greater involvement of frontostriatal pathology 32 ; and it has, overall, the smallest caudate volume (75% of controls). Intermediate between these extremes are interposed the SD and PNFA groups. SD may involve less frontostriatal dysfunction because it clinically resembles AD and thus is not significantly different from AD (93% of controls) with respect to caudate volume (92% of controls). PNFA may display more frontostriatal dysfunction and more involvement of the caudate and thus is not significantly different from FTD with respect to caudate volume (79% of controls).
Previous studies have found that the right caudate nucleus is larger than the left in healthy controls, as was found in this study. [39] [40] [41] However, hemispheric asymmetry was not present in any of the disease groups (AD, FTD, SD), except for the PNFA group. Absence of asymmetry may be due to the small size of the disease groups relative to the hemispheric comparisons within groups. The presence of between-group differences in only the left caudate nucleus volume, with the exception of comparisons with controls, suggests a possible lateralized neuropathologic process within the FTLD subtypes.
One limitation of this study is the use of a subjective-memory-complaint cohort as the controls. As a counterpoint, this group was comprehensively assessed for objective cognitive dysfunction, and those with objective changes were excluded. Given the exigencies to recruit subtypes of FTLD, AD, and controls, age and sex matching were not possible; however, apart from duration of illness and MMSE scores, there were no other significant differences between groups. There was also a preponderance of women in all groups studied. Adjustments were made via the MANCOVA for the covariates age and ICV, but not for MMSE, due to missing values for this variable. The reliability and validity of our manual tracing protocol has been independently peer-reviewed and published. 7 Although we acknowledge that automated tracing protocols may have greater reliability, greater validity is achieved with expert observer tracing.
7 Morphologic (shape)-related changes may be significant and are the subject of other related work in this sample.
The clinical implications of our findings relate to the neuropathophysiology of FTLD and the functional significance of the caudate nucleus. Decreased caudate volume is associated with poorer cognition and may serve as an indicator for dysfunction in associated structures, including frontostriatal circuits. The caudate nucleus shows a gradient of atrophy in FTLD correlating with the relative degree of frontostriatal dysfunction. Given this finding, further exploration of the structural and functional integrity of frontostriatal circuits as a substrate for cognitive and behavioral change is warranted.
Conclusion
We have found that the volume of the head and body of the caudate nucleus (excluding the tail) is significantly different across subtypes of FTLD. This may be due to relative differences in frontostriatal circuit dysfunction in the subtypes of FTLD, being reflected in structural change in a key relay in the circuits, the caudate nucleus. Caudate nucleus volume is correlated with cognition as assessed by MMSE scores across AD, FTLD, and controls, further supporting a role for the caudate in cognition.
Further studies on cortical regions in the same sample are in preparation. It will be interesting to explore the interrelationship of the caudate volume to cortical regions in subtypes of FTLD, morphologic changes via shape analysis, and correlations with neuropsychologic and behavioral features.
